ABSTRACT The mechanical unfolding of a set of 12 proteins with diverse topologies is investigated using an all-atom constraint-based model. Proteins are represented as polypeptides cross-linked by hydrogen bonds, salt bridges, and hydrophobic contacts, each modeled as a harmonic inequality constraint capable of supporting a finite load before breaking. Stereochemically acceptable unfolding pathways are generated by minimally overloading the network in an iterative fashion, analogous to crack propagation in solids. By comparing the pathways to those from molecular dynamics simulations and intermediates identified from experiment, it is demonstrated that the dominant unfolding pathways for 9 of the 12 proteins studied are well described by crack propagation in a network.
INTRODUCTION
The manner in which proteins respond under an applied force is of direct biological significance, as the physiological role of many proteins requires them to resist mechanical unfolding. A complete understanding of the mechanical, regulatory, and signaling properties of many proteins depends not only on their native state conformations, but also on the nature of intermediate states that become populated when subjected to an applied load. Well-studied cases include the A2 domain of von Willebrand factor in which a cleavage site is exposed upon unfolding (1) (2) (3) (4) and the 10th domain of type III fibronectin for which it has been suggested that partial unfolding reveals an otherwise hidden, so-called cryptic binding site, that could signal extracellular matrix assembly (5) .
Mechanical unfolding can be studied experimentally using atomic force microscopy (AFM) in which the two ends are stressed between the tip of a cantilever and a substrate. For polymeric tandem repeats of identical protein domains, this results in sawtooth or plateau patterns for constant velocity and constant force experiments, respectively. Measurements by AFM (6) are typically limited to constant pulling speeds of between 10 nm/s and 1000 nm/s equaling force loading rates of order 10 pN/s-10,000 pN/s. Lower forces and loading rates, for which standard AFM is ill-suited, can be probed through the use of optical tweezers (1, 7) . These experiments have been used in conjunction with V-value analysis on mutants (8, 9) to determine the regions of a protein that are structured in the transition state(s) (10) .
Although current experimental techniques provide unfolding force distributions, extensions of stable intermediates, and the regions that are nonnative in structure at the transition state, they do not provide atomistic detail of the underlying events. All-atom molecular dynamics (MD) simulations, typically either at constant force (8, 9, 11) or constant velocity (3, 9) , have proved insightful by providing possible intermediate structures and, moreover, unfolding pathways (9, 12) , but this comes at a high computational cost. As a result, they must be performed at pulling velocities that are roughly six orders of magnitude greater than those probed experimentally. Coarse-grained techniques such as Gö-like models (13) narrow the gap in timescales at the cost of representing each residue by a bead and tend to use potentials that favor native interactions. Computational cost can also be decreased by employing methods that do not rely on the integration of Newton's equations of motion, such as Monte Carlo-based methods (14) . There exist coarse-grained techniques that focus explicitly on the topology of proteins and residue connectivity, such as the work by Eyal et al. (15) and Dietz et al. (16) in which the effective force constants and force distributions in elastic network models were correlated with the mean unfolding force of a given pulling geometry.
The work in this study uses strain distributions to determine unfolding properties, similar to the study by Dietz et al. (16) , but differs in most respects. In recognition of the importance of nonnative states to the functional roles of many proteins, this study probes beyond the native state, in contrast to previous elastic network models (15, 16) . Unlike coarse-grained studies, an all-atom representation is used that maintains proper stereochemistry and contains specific interactions such as hydrogen bonds and salt bridges that are vital to a protein's resistance to force. By performing this work, the influence of geometry and topology on the complete unfolding pathways of proteins is explored and it is found that the intuitive model of protein unfolding as crack propagation on a constraint network is sufficient to capture the unfolding pathways of a diverse set of proteins far from their native state.
MODEL AND METHODS

Constraint-based model
The model builds on a recently developed method called geometric targeting (17) . Starting from a given initial protein conformation, the model is built by decomposing the protein into a set of small rigid units, as shown in Fig. 1 A, using a graph theoretic algorithm within FIRST (18) . The rigidity algorithm uses only covalent bond information to perform the decomposition and assumes that the lengths and nontorsional angles of covalent bonds are fixed. The decomposition for phenylalanine in Fig. 1 A demonstrates how copies of a single atom can be shared among several rigid units and how a rotatable bond can be represented as a shared edge. The relative motions of the rigid units are limited by a set of distance constraints. These constraints can be categorized into three types: equality constraints, less than constraints, and greater than constraints. The constraints are enforced by minimizing an objective function that is zero if the constraints are met and rises quadratically as constraints are violated.
Equality constraints have potentials of the form
where Dx is the separation between two atoms. The only examples of these are the shared atom constraints that force copies of the same atom in different rigid units to be located at the same place, as shown in Fig. 1 B.
All shared atom constraints have the same spring constant k sh . Greater than constraints are half-harmonic springs with potentials of the form
that try to keep the distance x between two atoms greater than some bound x o . These include the steric interactions, shown in Fig. 1 C, that prevent atoms from overlapping (k st ), as well as the constraints that enforce proper Ramachandran angles (k rm ) and torsion angles (k tr ). The use of distance constraints to maintain proper Ramachandran angles follows the work of Ho et al. (19) and Farrell et al. (17) . Similarly, defining minimum allowable distances between all pairs of 1-4 atoms on either side of a rotatable bond can be used to enforce low-energy staggered conformations. Finally, less than constraints are half-harmonic springs with potentials of the form
that try to keep the distance x between two atoms less than some bound x o and include hydrogen bonds and salt bridges (k hb ), as well as hydrophobic interactions (k ph ). Hydrogen bonds and salt bridges are identified as those having an energy E < À1.0 kcal/mol according to a modified Mayo potential (20, 21) . Hydrophobic interactions are defined between pairs of nonpolar carbon or sulfur atoms that belong to the side chains of hydrophobic residues and are separated by <3.9 Å , a value chosen from previous work (17) and not a free parameter in this study. Under these definitions, each residue is involved in an average total of two shared hydrogen bond, salt bridge, and hydrophobic constraints. For this work, k sh was assigned a large value such that all distances between copies of a shared atom rarely exceed 0.02 Å after minimization. The value of k st was chosen such that atoms rarely approach >0.2 Å closer than their pair-specific constraint distance (D. W. Farrell, T. Mamonova, M. Kurnikova, and M. F. Thorpe, unpublished). The value of k rm was chosen to roughly reproduce the barrier height associated with the O i-1 -C b clash in the Ramachandran plot of alanine dipeptide, following the work of Ho et al. (19) and Maragakis et al. (23) , and k tr was calibrated to match the anti/gauche barrier of n-butane (24) . The remaining spring constants, k hb and k ph , were free parameters that were chosen so as to best match the MD unfolding pathways for the set of 12 proteins in this study. Hydrogen bonds were originally divided into backbone (bbhb) and side chain (hb) types with k bbhb assigned a fixed value (based on a Mayo potential with a well depth 2 kcal/mol (20) ) and k hb allowed to vary, but it was found that agreement with MD was best when k hb possessed the same fixed value that was assigned to k bbhb . The same values for all spring constants were used for all 12 proteins. These values are
where l ¼ 1 kcal/(mol$Å 2 ). Hydrogen bond, salt bridge, and hydrophobic constraints are intrinsically different from the others, as they break during the unfolding process. To account for this, these constraints have a maximum load that they can bear, beyond which they break and are removed. As the load across a constraint is equal to the product of its spring constant and the extent of violation, the maximum load was set by giving the constraints a default maximum extension x max ¼ 0.15 Å , a value chosen to be small enough to prevent significant distortion of the protein structure.
The strength of hydrogen bonds and salt bridges depend on the effective dielectric properties of their environment, with the dielectric constant of the solvent being much greater than that inside of a protein. To account for this, we scale the maximum load of hydrogen bonds and salt bridges by multiplying the breaking extension x max by a factor U describing the extent of burial. The factor is simply the number of nonhydrogen atoms within a distance of 7.2 Å (four water layers, as used in (25) ) of the geometric center of the hydrogen and acceptor atoms, normalized such that the maximum value of U is 2 for the set of 12 proteins in their native states. To ensure that fully exposed hydrogen bonds and salt bridges maintained a finite load-bearing capacity, values of U below 0.5 were set to 0.5.
Constraint-based unfolding algorithm
To induce unfolding, three backbone atoms of each of the terminal residues are targeted to an equal number of target atoms placed on either side of the protein at a separation much larger than the length of the unfolded protein.
The targeted atoms are then pulled apart by using a biasing potential of the form
and decreasing the desired root mean-squared deviation (rmsd), C, in steps of 0.05 Å , where the rmsd is measured between the six targeted atoms and their target values. The value k rmsd ¼ 300 l was chosen to be as low as possible without having the difference rmsd -c ever exceed x max . Throughout this work, the extension of a structure is defined as the N-to-C distance between the backbone nitrogen of the first residue and the backbone carbonyl carbon of the last residue. The complete potential is given by
where
The algorithm for mapping out an unfolding pathway can be summarized as:
1. Decrease the desired rmsd to the target c by 0.05 Å . 2. Minimize the energy (6) within the constraint network, resulting in an equilibrium strain distribution. 3. If one or more of the breakable constraints exceed their maximum allowed extension, remove the constraint with the greatest fractional excess and return to step 2. Otherwise, return to step 1.
At each increment, any new hydrogen bonds and hydrophobic interactions that have arisen are identified and added using the same criteria as previously described. This allows nonnative interactions to form along the pathway. The algorithm is followed until the protein is completely unfolded.
This model of protein unfolding is similar to crack propagation in a solid material, being deterministic and force driven. The results share many characteristics with unfolding at low temperature and high force, but differ in that the force distribution is always in equilibrium and the constraint network is minimally overloaded to cause unfolding to proceed. The constraints could have been broken probabilistically, but rather variation in the pathways is allowed to arise solely from variation in the starting structures.
Choice of model proteins
The set of 12 single-domain proteins were chosen from those that have been experimentally characterized while selecting for a broad range of topologies, as described in Table 1 . The set contains immunoglobulin-like b-sandwich proteins I27 (I27, Protein Data Bank (PDB) ID 1tit (26)), fibronectin (FNfn10, 1fnf (27) ), tenascin (TNfn3, 1ten (28)), PKD (ArPKD, 1loq (29)), and filamin (DDFLN4, 1ksr (30)), as well as proteins containing both a-helical and b-sheet regions, like the b-grasp proteins ubiquitin (1ubq (31) ) and protein L (1hz6 (32)), and the larger proteins ribonuclease H (RNase H, 2rn2 (33) ) and von Willebrand factor (vWF A2, 3gxb (34) ). The diversity of folds is rounded out with the nonmechanical a and b protein barnase (1bni (35)) and two all-helical proteins spectrin (1aj3 (36)) and acyl-coenzyme A binding protein (ACA, 2abd (37)), the latter being the only protein in the set not to have been studied experimentally.
Molecular dynamics
MD simulations were performed using CHARMM (38) and an implicit solvation model (EEF1) (39, 40) . Starting structures from the PDB were minimized, heated, and then equilibrated for at least 1 ns (100 ps for ACA, as described previously (41)). For each protein a further equilibration of 5 ns was performed from which 10 pairs of coordinates and velocities were extracted, each spaced 500 ps apart (1 ns equilibration and 100 ps spacing for ACA). Ten constant force MD simulations were then performed for each protein. Force was applied to both the main-chain nitrogen of the N-terminus and the main-chain carbonyl carbon of the C-terminus, in the direction of the vector between the two atoms such that the protein was pulled apart. A constant force of 265 pN was applied to I27, 220 pN to TNfn3, 300 pN to vWF A2, 205 pN to barnase, 525 pN to protein L, 150 pN to FNfn10, 375 pN to ubiquitin, 250 pN to RNase H, 190 pN to DDFLN4, 250 pN to ArPKD, 250 pN to spectrin, and 125 pN to ACA. Ten constant velocity MD simulations were also performed starting from the same set of coordinates and velocities used to begin the constant force simulations. A spring constant of 1 kcal/(mol$Å 2 ) was used to enforce the constant pulling velocity, which was such that each protein would unfold fully in the 10 ns simulations. All simulations were performed at a temperature of 298.15 K using the Nosé-Hoover thermostat with a 2 fs timestep.
RESULTS
The constraint-based method, which models protein unfolding as crack propagation on a constraint network is compared with both constant force and constant velocity MD simulations. Within the constraint-based model, the mechanical stability of a given structure can be inferred from the amount of force required to minimally overload the network and cause unfolding to proceed. At some stages of an unfolding pathway a protein may be well braced with the load shared in parallel over many constraints, whereas at other stages the constraints act more in series and are more easily overloaded. The relative extensions of such states are determined from the position of force peaks along the unfolding pathway.
Comparison to constant force MD simulation
Despite the constraint-based algorithm being more akin to constant velocity MD simulation, a comparison is made to constant force MD unfolding pathways as the latter method allows the protein to spend more time in conformations with high stability and thus results in pathways that may be closer to those probed experimentally. Ten constraint-based and 10 constant force MD pathways were generated beginning from equilibrated structures and a set of critical conformations were identified to act as check points in flow diagrams connecting the native and unfolded states, as shown in Fig. 2 for barnase. Both constraint-based and MD pathways were used to select these check points, with those from the constraint-based method being mechanically strong structures that require large forces to unfold and those from constant force MD pathways being structures that result in stable N-to-C distances for prolonged periods of time.
From both methods, frequently occurring structures were also selected for which whole units of secondary structure such as a-helices or b-strands were detached. Although the constraint-based algorithm unfolded all proteins completely, unfolding was not usually completed within the 10 ns duration of the constant force MD simulations. The flow into and out of nodes is thus only conserved for the constraint-based simulations. The results for 4 of the 12 proteins are described in the next section, with the remaining results described in the Supporting Material.
Barnase
Barnase is a bacterial protein with ribonuclease activity that can kill a cell when expressed in the absence of its inhibitor barstar, which binds over the active site to prevent barnase from damaging the cell's RNA. The primary experimental and theoretical unfolding studies of barnase were performed by Best et al. (42) using AFM and MD. Unfolding in the constraint-based pathways begin predominantly from the C-terminus via the detachment of the terminal b 5 (8/10), although the first unfolding event does depend on the constraint distribution in the starting conformation, as a 1 detaches first on two occasions, as shown in Fig. 2 . Among the eight constraint-based pathways for which b 5 are the first to detach, a 1 and b 4 are equally likely to be the next to unfold. In six of the constraint-based pathways, a 1 and b 5 are the first two structural units to detach, and half of the pathways lead to a core lacking a 1 , b 4 , and b 5 protected at each end by a pair of b-clamps, one consisting of b 2 and b 3 , and the other of b 1 and residues of the a 1 -a 2 loop. These features are in excellent agreement with the MD pathways. The same fraction of unfolding events begin from the C-terminus (8/10), detachment of a 1 and b 4 are both observed to follow the detachment of b 5 , and detachment of a 1 and b 5 share the same likelihood to be the first two unfolding steps (6/10). Although extreme for this protein, these similarities highlight the ability of the simple deterministic model of crack propagation on a constraint network to capture the diversity of pathways found from MD simulations.
von Willebrand factor
The von Willebrand factor forms long tandem arrays that function within blood vessels to promote blood clotting. Unfolding of the A2 domain exposes a cleavage site that allows the body to regulate the length of the tandem arrays and consequently the extent of clotting at a wound. Unfolding of the A2 domain has recently been studied by Zhang et al. (1) using optical tweezers, in which an intermediate was observed with an N-to-C distance 40% that of the fully All constraint-based pathways began with the detachment of the C-terminal helix. In the majority of the pathways, unfolding continued through the sequential detachment of b-strands b 6 , b 5 , and b 4 and unfolding of the a-helices in between, although in three pathways multiple b-strands detached as a unit before separating from one another. Two states were identified as having the highest mechanical stabilities along the unfolding pathways, one lacking a 5 , a 6 , and b 6 , and the second lacking the a 4 -less loop, a 5 , a 6 , b 5 , and b 6 . The latter state possesses an extension~40% that of the fully unfolded A2 domain and is thought to correspond to the intermediate observed experimentally by Zhang et al.
(1) using optical tweezers. Again, the dominant pathway from the constraint-based model is able to reproduce the pathways observed in the constant force MD simulations, as shown in Fig. 3 .
Titin I27
Titin I27 is the 27th immunoglobulin domain within the I-band region of the giant muscle protein titin. The mechanical unfolding of I27 has been studied by AFM (10, 43, 44) , combined AFM and MD studies on mutants (8) , and various coarse-grained models (13, 45) . At forces above~100 pN (44, 46) , I27 is believed to unfold via a force-stabilized intermediate I 1 with an extension roughly 6 Å greater than that of the native state (12, 46) . The results of a mutational study (8) suggest that I 1 lacks native contacts between Val-4 and b G , whereas MD simulations at forces of 300 pN from the same study predict the loss of some contacts between b A and b B , including the backbone hydrogen bond between Glu-3(O) and Ser-26(H) (8) .
In the constraint-based pathways, represented in Fig. 4 , the first constraints to break were predominantly hydrophobic interactions in two regions, one at the N-terminus and the other beneath the C-clamp. In all pathways, breaking of constraints at the N-terminus allowed residues 1 and 2 to separate from the hydrophobic core and extend along the direction of force. In only half of the pathways did this lead to the separation of residues 1 to 4 from b G before the shearing apart of the C-clamp, as the ability of the C-clamp to resist the load may have been compromised by the aforementioned breaking of hydrophobic interactions at the C-terminus. Despite having an average N-to-C extension indistinguishable from the average extension of 52.5 Å for I 1 found from the MD simulations of this study, the constraint-based state in which residues 1 to 4 have separated from b G are not considered to be I 1 due to the presence of the backbone hydrogen bond between Glu-3(O) and Ser-26(H), which is absent in I 1 in the MD simulations of this work. To distinguish between these two nearby states, they were each assigned to different nodes in the flow diagram, one labeled b A4G and the other I 1 (b A4B ), where b A4B implies that Glu-3(O) and Ser-26(H) have separated. It should be noted that the relative stability of the two termini are finely balanced, as shown by the experimental observation that the single mutation of Val-86 to Ala-86 is sufficient to cause I27 to no longer unfold via I 1 (44) . Despite this, I 1 is not strictly included in a dominant constraint-based unfolding pathway and is considered a failure of the model.
Fibronectin
Fibronectin forms part of the extracellular matrix and is likely under frequent tension. It has been proposed that the stretching and partial unfolding of fibronectin may expose a hidden binding site that could signal extracellular matrix assembly (5) . In an AFM study by Li et al. (47) , an intermediate was observed. By unfolding mutations, they concluded that the intermediate likely involved the unfolding of stands b A and b B . Several computational studies on fibronectin type III domains (11, 48) have suggested the presence of multiple energy barriers along the unfolding pathway.
The first unfolding event in all 10 constraint-based pathways involves the breaking of hydrogen bonds at the N-terminus between strands b A and b G . The external force, which runs along the axis going through the N-and C-terminal residues, applies a torque to the two b-sheets, causing many hydrophobic constraints to break and nonnative ones to form as the two sheets rotate relative to one another. This rotation increases the N-to-C distance from roughly 48 Å to 60 Å upon which the b-strands become closely aligned. In the majority (6/10) of the constraintbased pathways, unfolding proceeds through the detachment of strands b A and b B , forming the intermediate observed experimentally by Li et al. Interestingly, this structure was found to possess the highest mechanical stability among all structures along the unfolding pathways and thus from a purely mechanical perspective would be the best candidate for the intermediate, in agreement with the conclusions drawn from mutation analysis (47) and the constant force MD simulations, as summarized in Fig. 5 .
Comparison to constant velocity MD simulation
For a given protein, the mechanical strength of the corresponding constraint network changes along the unfolding pathway. This variation in mechanical strength is expressed by plotting the force required to minimally overload the network as a function of the N-to-C distance. The resulting profile is compared with results from constant velocity MD simulation in which a variable force is applied to the two terminal residues to cause them to separate at a constant velocity. Ten constant velocity MD simulations were performed for each of the 12 proteins in this study.
The force profiles for vWF from both methods, compared in Fig. 6 , show a small peak at an N-to-C distance below 20 Å that corresponds to the detachment of the C-terminal end of a 6 from the remainder of the protein. Both models display a second small peak at 45 Å due to the breaking of strong side-chain interactions, allowing a 6 to become completely free. The remaining peaks observed from the constraint-based method, located at~100 Å , 175 Å , and 250 Å , correspond to the detachment of b-strands b 6 , b 5 , and b 4 , respectively, and agree well with peaks due to the same unfolding events observed in the constant velocity MD simulations. The stability of the 250 Å structure is supported by experiment, as it is thought to be the intermediate observed by Zhang et al. (1) using optical tweezers. The constraint-based profiles for fibronectin, displayed in 
DISCUSSION
The main goal of this work has been to demonstrate that unfolding pathways using MD simulation can be described as crack propagation in a constraint network. Dominant unfolding pathways from the constraint-based approach agree with those from constant force MD simulation for 9 of the 12 proteins in this study, which is impressive considering the simplicity of the model. As experiment is the true metric of comparison for theory, it is valuable to compare the results with those of past experimental studies. There exists sufficient experimental data to characterize the nature of the intermediates with some confidence for fibronectin, filamin, tenascin, titin I27, and the A2 domain of von Willebrand factor. The dominant constraint-based pathways are consistent with all known intermediates except for those of titin I27 and filamin. For filamin, both constraint-based and MD pathways agree with one another but fail to predict the unfolding of b A and b B observed in the mutant study of Schwaiger et al. (49) . It should be noted that the dominant constraint-based pathway of tenascin was considered to disagree with those from MD simulation solely because of the former's lack of I 3 , a state that has never been observed experimentally. Two of the other proteins, namely ubiquitin and RNase H, possess intermediates that have been observed experimentally, but their structures are less conclusively known. For ubiquitin, a mechanically stable state is observed in the constraint-based pathways at 78 5 11 Å , in impressive agreement with the extension of 81 5 7 Å found experimentally by Schlierf et al. (50) . For RNase H, the main constraint-based pathway began with the unfolding of a 5 followed by the detachment of b 1 , b 2 , and b 3 , leaving the stable core observed in bulk studies (51, 52) .
Unlike previous studies that use coarse-grained networks to predict properties of the native state alone (15, 16) , this simple and intuitive model is sufficient to capture intermediates far from the native state when benchmarked against MD simulations. For example, as discussed in detail in the Supporting Material, in only a single case (PKD) was the dominant MD pathway not captured by at least one constraint-based pathway. Although the applied force caused the A-A 0 loop in PKD to approach the G strand, the loop did not approach closely enough to form nonnative hydrogen bonds, highlighting a limitation of this simple model. Lacking thermal motion and electrostatics, strands are incapable of being electrostatically attracted to one another from a distance to create significant nonnative secondary structure. Despite this deficiency, the addition of nonnative constraints did improve the unfolding pathways of the majority of proteins in this study. Without them, fibronectin and tenascin do not form I 2 , as the two b-sheets are unable to rotate relative to one another before separating.
One might expect strain-based pathways to rapidly deviate from those of MD simulations for which the protein is allowed to diffuse in a detailed energy landscape. Instead, sequential strain-based breaking events analogous to crack propagation in a solid can be followed far from the native state and reproduce the order of loss of many secondary structure units. This provides further evidence that the high forces used in typical MD simulations tilt the energy landscape to such an extent that the unfolding is not the thermally driven process that occurs under experimentally and physiologically relevant forces.
In principle the constraint-based method could be sensitive to mutations due to its all-atom representation. Of the mutations attempted, namely Ile-88 / Pro-88 and Tyr-92 / Pro-92 in fibronectin and Ile-8 / Ala-8 in tenascin, only Tyr-92 / Pro-92 has been shown experimentally to change the unfolding pathway, causing it to no longer traverse the stable intermediate lacking b A and b B (47) . None of the constraint-based pathways were affected, including the Tyr-92 / Pro-92 mutant, as the backbone hydrogen bonds disrupted by the latter proline mutation were replaced by side-chain hydrogen bonds of similar strength in the initial structures. While probing the sensitivity of pathways to mutations offers a challenge for future work, the all-atom representation does allow V-values to be estimated. Predictions from the constraint-based pathways of tenascin were found to agree well with values obtained experimentally by Ng et al. (9) , as discussed in the Supporting Material.
Generating constraint-based pathways is computationally less demanding than the 10 ns MD simulations with which they are compared. A full unfolding pathway of fibronectin requires only 42 min on a single HP DL120 3.0 Gz Intel E5472 core, roughly 1/20th that for a constant velocity MD pathway and <1/20th that for a constant force MD pathway, as unfolding was often not completed within the 10 ns simulation time. Potential applications of this technique include the study of the dependence of the unfolding pathway on pulling direction, in which force is applied between many pairs of residues (see (6) ). The constraintbased method, which rapidly produces pathways that often possess variability greater than those from MD simulation, can also be used to generate a vast number of stereochemically acceptable all-atom starting structures for milestoning calculations using MD (53). This approach could also be applied to very large biomolecular complexes, like virus capsids and the ribosome, where the interesting nature of the crack propagation is likely to be different from that of monomeric single proteins.
CONCLUSION
A simple and intuitive model of protein unfolding as crack propagation on a constraint network was shown to be sufficient to describe the dominant unfolding pathways from MD simulation for 9 of the 12 proteins in this study, capturing intermediates far from the native state ensemble. The model produces pathways as diverse as those found from MD simulation, with this variability due wholly to differences in the starting conformations arising in the native state ensemble.
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SUPPORTING MATERIAL
Comparison to constant force MD simulation
This section describes unfolding results for the remaining proteins in this study. Four of the proteins do not have accompanying flow diagrams, as the unfolding pathways of ACA and spectrin are too diverse and lack distinct recurring states to be well described by flow diagrams, while PKD and protein L lack flow diagrams because the transition of interest for each is close to the native state structure and both lack distinct states further along their pathways.
Ubiquitin
Ubiquitin is a highly conserved regulatory protein found in all eukaryotes. It is commonly used to label a protein for proteasomal degradation in which one or more ubiquitin domains are covalently attached to the protein being labelled. Its resistance to force may play an important role in proteasomal substrate unfolding (1). Ubiquitin's mechanical properties have been studied using AFM (2), AFM and steered MD (3) and MD using umbrella sampling (4). Schlierf et al. (2) observed an intermediate at an extension 81±7 Å beyond that of the native state and hypothesized that it was due to the unfolding of the C-terminal half of the protein. Contrary to this hypothesis, a study by Li et al. (4) using umbrella sampling led to the conclusion that unfolding begins from the N-terminus through the unfolding of  A and  B .
FIGURE S1 Unfolding pathways of ubiquitin. Boxes serve as check points, connected by lines; colored blue (left) and red (right) for constraint-based and MD pathways respectively, and have thicknesses proportional to the number of paths that transit between the two end states. The numbers at the upper right and lower right of each box indicate the number of incoming constraint-based and MD pathways respectively. All 10 constraint-based pathways begin with the shearing apart of the parallel β-sheet connecting the two ends of ubiquitin (Fig. S1) . In all pathways,  A and  B then separated from the core helix and separated from one another to form a set of mechanically robust states, as determined from the larger breaking forces observed between 110 Å and 140 Å in Fig. S2 . The extension of highest force corresponding to the unfolding of the native state and the state lacking  A and  B were found in the constraint-based model to be separated by an average of 78±11 Å, in agreement with the value of 81±7 Å observed experimentally by Schlierf et al. Interestingly, despite the extension being indistinguishable from that of Schlierf et al., the structure of the partially unfolded state differs from their hypothesized intermediate and instead lends support to the conclusions of Li et al. The results from constant force MD trajectories were less clear than those from the constraint-based method, as ubiquitin is seen to unfold completely as a single event without a stable intermediate, although  A and  B do separate from the core shortly before the C-terminal strands during the sudden unfolding events and therefore represents the same pathway. FIGURE S2 Force profiles for the mechanical unfolding of ubiquitin obtained from crack propagation of the constraint network of 10 starting structures compared with those from constant velocity MD simulations.
Ribonuclease H
Ribonuclease H, or simply RNase H, is a non-specific endonuclease that cleaves RNA by a hydrolytic mechanism. In DNA replication, RNase H also removes the RNA primer to allow DNA synthesis to be completed. Extensive work has been done on RNase H, including bulk studies that have found that the most stable region and the first to fold consists of  1-4 and  4-5 . In a study by Cecconi et al. (5) using optical tweezers, an intermediate was observed and it was deduced that the region that remains folded in the intermediate is the same as the stable core observed in folding experiments (6, 7) . The unfolding and folding of RNase H were studied by Schmitt et al. (8) and Clementi et al. (9) respectively using Gö-like models. In all constraint-based and MD unfolding simulations, unfolding began at the Cterminus through the detachment of the terminal strand from the core, followed by the unravelling of the terminal  5 . At this point the pathways diversify, with half of the constraint-based pathways predicting the β-sheet to break between strands  4 and  5 while the other half separate between strands  3 and  4 . This proved to be a critical step, as strands  4 and  5 were observed to serve as a clamp protecting the core helices from the external force. In most cases where strands  4 and  5 separated prior to  3 and  4 , the core helices proceeded to unfold completely, leaving  (1-3) (the bracketed numbers signify that they are intact) as the last secondary structure to disappear. When strands  3 and  4 separate before  4 and  5 , in 4 out of the 5 cases the N-terminal β-sheet proceeded to separate (either together or individually), leaving the stable core observed in bulk studies (6, 7) . At the level of detail described in Fig. S3 , the set of pathways found by the constraint-based method included the MD trajectories as a subset. All but one MD trajectory followed the same unfolding pathway, leading to a state in which  5 is unfolded and  (1-3) is detached, leaving the core observed in bulk studies, but in none of the pathways did  (1-3) unfold prior to the core due to the high stability of  (1-3) on the timescales simulated. Due to the ability of multiple constraint-based pathways to reproduce the order of detachment observed in the majority of MD simulations, as well as the observation in both models of an alternative pathway in which strands  4 and  5 separated prior to  3 and  4 leading most often to the unfolding of the α-helical core, we consider the constraint-based model to have adequately captured the unfolding behaviour from MD simulation.
Acyl-CoA binding protein
Acyl-CoA binding protein, herein called ACA, is a small helical protein that binds acyl-CoA esters with high affinity. To the authors' knowledge, the mechanical unfolding of ACA has not been experimentally investigated, but has been studied using MD by Paci et al. (10) .
In the constraint-based pathways, the first two events are always the detachment of  A and  D from the core, occurring simultaneously as well as in an ordered fashion, with no significant unfolding of the helices themselves. The remaining core was found to be resistant to force, causing varying amounts of unfolding of  A and  D prior to the unfolding of the core. These features agree with those from the MD simulations, for which  A and  D detach first, typically doing so simultaneously. There was usually, but not always, little loss of secondary structure of the terminal helices before detachment. A core resistant to unfolding formed for several of the simulations, composed of approximately the same residues as those from the constraint-based pathways and the study of Paci et al. (10) .
Filamin
Filamin is part of the cytoskeleton and is subject to force as part of its physiological role. It consists of long chains of actin-binding modules separated by varying numbers of immunoglobulin rod domains. This study uses the 4 th filamin domain of Dictostelium descoideum (ddFLN4). In an AFM study, Schwaiger et al. (11) inserted segments of glycine residues multiple loop regions to probe which strands unfold to form the observed intermediate, concluding that unfolding is restricted to  A and  B . Theoretical modelling studies have recently been performed using MD simulation (12) as well as coarse-grained simulation (13, 14) . The constraint-based pathways unfolded through two routes, as displayed in Fig. S4 . In the majority of the pathways, unfolding began entirely at the C-terminus as  F and  G unfolded, leaving a mechanically stable state. In the other pathways, unfolding occurred at both termini through the detachment of  A and  G prior to the unfolding of the remaining core. All 10 MD trajectories have  F and  G detaching first, consistent with the dominant constraint-based unfolding pathway as well as that observed in a previous study (13) . Unlike all other proteins in this study, neither the constraint-based model nor the MD simulations capture the unfolding pathway leading to the stable intermediate observed by Schwaiger et al. (11) . Interestingly, the study of Li et al. (14) suggests that the pulling velocity determines the end at which unfolding begins, switching to the N-terminus and passing through the experimentally observed intermediate at very low pulling rates.
Spectrin
Spectrin domains are triple-helical coiled-coil units located within many protein filaments that frequently bear a mechanical load and may function as elastic elements. This study pertains to the 16 th repeat of α-spectrin. The combined AFM and MD study by Altmann et al. (15) found that the spectrin unfolding pathways, unlike those of proteins such as titin I27 and fibronectin, possess a broad range of extensions in which it maintains its native fold. Despite the MD simulations of Altmann et al. (15) resulting in a diverse set of unfolding pathways, mutation analysis allowed them to conclude that the experimentally probed pathways involve the kinking of the central helix.
The constraint-based pathways display great variability in the amount in which  A and  C unfold prior to the loss of the native state packing of the helices, consistent with the 6 findings of Altmann et al. In the majority of the pathways, the central helix  B kinks in the middle prior to the detachment of both  A and  C . These features agree with those of the MD simulations, for which the initial effect of force was to cause the terminal helices to unravel by amounts that varied greatly among the simulations. As with the constraint-based model,  B sometimes developed a kink in it before, and often during, the simultaneous detachment of the terminal helices.
PKD
The mechanical properties associated to two PKD domain structures have been predominantly used in previous MD studies, that of the 1st PKD domain of human polycystin-1 and the archaeal PKD domain from Methanosarcina Mazei. In anticipation of possible future mutation studies, the structure of the archaeal PKD domain was used because the human structure has been found experimentally to be only marginally thermodynamically stable (16) ; which is a strategy that has been adopted previously (17) . MD simulations have suggested that PKD's remarkable strength may be due to non-native contacts between the A-B loop and the G-strand that forms when the domain is subjected to force.
In the constraint-based model, the application of force causes the A-A' loop to be drawn towards the G strand, but fails to approach close enough to the G strand to form the non-native hydrogen bonds observed in previous studies (16, 17) . The clamp between the  A' and  G therefore does not grow prior to the shearing apart of the two halves of the domain. Upon shearing, unfolding was observed to proceed from either terminus. The results of the MD simulations are not dissimilar to those reported by Forman et al. (17) , with the A-A' loop being pulled towards the G-strand resulting in the formation of non-native contacts and a structure referred to previously as S2 (17) .
Tenascin
The third fibronectin type III domain of human tenascin, abbreviated TNfn3, has a β-sandwich fold and forms part of the extracellular matrix. The mechanical unfolding of TNfn3 has been studied both with AFM (18, 19) and computationally using coarse-grained models (20) . A comprehensive study using protein engineering, AFM and MD simulation was also conducted by Ng et al. (21) . Intermediates have not been observed experimentally, but -value analyses of mutants suggest that a significant amount of the protein is in a non-native conformation at the transition state (21), the greatest rearrangement taking place in  A and  G . In all constraint-based pathways, tenascin formed intermediate I 1 characterized by the loss of several hydrogen bonds between  A and  G near the N-terminus that allows  A to extend further without significant rotation and rearrangement of the core (Fig. S5) . Many hydrophobic contacts in the core proceed to break and non-native contacts form as the two β-sheets rotate until the strands of each are roughly parallel, forming I 2 . From here, strands  A and  G unfold in 9 of the pathways, followed by the complete unfolding of tenascin. In the remaining path,  A and  B unfold to form the intermediate I 3 . The constraint-based unfolding pathways correspond well with those from MD, with the major distinction being the frequency at which I 3 is formed. It should be stressed that no experiment has ever detected I 3 , in contrast to fibronectin (22) . It is interesting that this asymmetry in the experimental detection of I 3 in the structurally homologous proteins tenascin and fibronectin is captured in the constraint-based model. We performed both constraint-based and constant force MD simulations on a conservative Ile8 → Ala8 mutant which has been experimentally found to weaken the molecule (21) . This mutation did not significantly alter the constraint-based or MD pathways.
Protein L 8
The B1 domain of Protein L is expressed in P. magnus as a tandem domain located in its cell walls. Protein L has no known mechanical function, but its parallel β-sheet structure suggests a high mechanical resistance. Its response to force was studied both by AFM and through MD simulation by Brockwell et al. (23) , as well as through a Gö-like model by West et al. (24) .
In all 10 constraint-based pathways, (23), with the major force peaks correspond to the shearing apart of  A and  D followed by the sequential detachment firstly of  C and  D and secondly of  A and  B . In the MD simulations, unfolding was a single sudden event; however  C and D tended to detach slightly before  A and B , consistent with that found by Brockwell et al.
Comparison of unfolding forces
The choice of parameters for the constraint-based model was made to maximize agreement between the model's unfolding pathways and those from constant force MD. The model can nevertheless distinguish mechanically strong conformations from those that are less effective at supporting a load, as shown by comparisons of the force profiles for von FIGURE S6 Comparison of the maximum applied force along the unfolding pathways for the constraint-based model and constant velocity MD simulation. The size of the circular points reflects the unfolding forces observed experimentally by AFM, with small, medium, and large circles representing forces F < 75 pN, 75 pN < F < 150 pN, and F > 150 pN respectively. Experimental forces measured by optical tweezers are represented by squares of fixed size.
Willebrand factor, fibronectin, and ubiquitin. To test the model's ability to capture differences in mechanical strength between proteins, the maximum forces applied to the termini along the entire unfolding pathways of the constraint-based and constant velocity MD simulations are compared in Fig. S6 . Each force value represents an average of the maximum force along each of the 10 pathways. The maximum forces from the two techniques correlate strongly (correlation coefficient of 0.82) despite the unfolding force not being a consideration during parameter optimization. Experimentally measured unfolding forces are incorporated into the figure by assigning point sizes according to experimental forces, as summarized in Table S1 . It should be noted that the experimentally measured strength of a protein is a different quantity than the mechanical strength defined as the gradient of an energy Hamiltonian, as the experimental strength is sensitive to the free energy of the unfolding transition state, the displacement of the transition state along the vector of applied force, and the rate at which force is applied. W.). To avoid the problem of assigning a relative weight to hydrogen bonds and hydrophobic interactions, only residues 2, 8, 20, 48, 59, and 70 lacking polar groups in their side chains were used from the study of Ng et al. The free energy of a side chain's interactions was estimated by simply counting the number of residues with which it shares a hydrophobic constraint. The Ф-value can then be approximated by the ratio of the number of contacted residues in the transition state to that in the native state, as shown in Fig. S7 . The location of the native state is defined to be at an extension of 35 Å, corresponding to the greatest extension of any of the 10 starting structures, whereas an extension of 51 Å is used for the transition state, as this extension lies roughly between I 1 and I 2 in both the constraint-based and MD pathways (31) . The predicted Ф-values agree well with those obtained experimentally, as shown in the inset of Fig. S7 . Only one prediction, that of residue 48, deviates significantly from the experimental value. This is due simply to its high solvent exposure, causing a larger uncertainty in both the experimental and predicted values. While the experimental Ф-values tend to be lower near the A and G strands due to the shearing of the β-sheets, both the experimental and predicted Ф-value of residue 20 on strand B remains unexpectedly high, with values close to unity. From the constraint-based model, this is seen to be due to the formation of a significant number of non-native interactions near the transition state that compensate for those lost. Such favorable non-native interactions are not possible in Gö-like models (32), making it impossible for them to predict proper Ф-values for proteins such as tenascin for which non-native interactions are key.
Number of non-native constraints
Added constraints in the form of hydrogen bonds, salt bridges, and hydrophobic interactions are considered to be non-native if the constraint occurs between different pairs of atoms than those in the starting structure. Constraints that break and reform are not double counted. The average number of non-native constraints along entire pathways are compared with the number of constraints in the starting structure in Table S2 . TABLE S2 Number of non-native constraints compared with the number in the native state.
Computational Cost
The CPU time needed for a single constraint-based and MD pathway are compared in Table S3 . The CPU time for the constraint-based model, plotted in Fig. S8 , scales roughly quadratically with the number of residues for all protein in this study, as both the number of steps as well as the computational cost per step scaling linearly with protein size. TABLE S3 CPU time and number of steps for a constraint-based pathway compared to the CPU time for a constant force MD pathway.
FIGURE S8
The computational cost scales quadratically with the number of residues.
